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L. Sartori,47 K. Sato,18 A. Savoy-Navarro,45 T. Scheidle,27 P. Schlabach,18 A. Schmidt,27 E.E. Schmidt,18

M.A. Schmidt,14 M.P. Schmidt†,61 M. Schmitt,39 T. Schwarz,8 L. Scodellaro,12 A.L. Scott,11 A. Scribanor,47

F. Scuri,47 A. Sedov,49 S. Seidel,38 Y. Seiya,42 A. Semenov,16 L. Sexton-Kennedy,18 A. Sfyrla,21 S.Z. Shalhout,59

T. Shears,30 P.F. Shepard,48 D. Sherman,23 M. Shimojimal,56 S. Shiraishi,14 M. Shochet,14 Y. Shon,60 I. Shreyber,37

A. Sidoti,47 P. Sinervo,34 A. Sisakyan,16 A.J. Slaughter,18 J. Slaunwhite,40 K. Sliwa,57 J.R. Smith,8 F.D. Snider,18

R. Snihur,34 A. Soha,8 S. Somalwar,53 A. Sood,53 V. Sorin,36 J. Spalding,18 T. Spreitzer,34 P. Squillaciotir,47

M. Stanitzki,61 R. St. Denis,22 B. Stelzer,9 O. Stelzer-Chilton,43 D. Stentz,39 J. Strologas,38 D. Stuart,11

J.S. Suh,28 A. Sukhanov,19 I. Suslov,16 T. Suzuki,56 A. Taffardd,25 R. Takashima,41 Y. Takeuchi,56 R. Tanaka,41

M. Tecchio,35 P.K. Teng,1 K. Terashi,51 J. Thomf ,18 A.S. Thompson,22 G.A. Thompson,25 E. Thomson,46

P. Tipton,61 V. Tiwari,13 S. Tkaczyk,18 D. Toback,54 S. Tokar,15 K. Tollefson,36 T. Tomura,56 D. Tonelli,18

S. Torre,20 D. Torretta,18 P. Totarow,55 S. Tourneur,45 Y. Tu,46 N. Turinir,47 F. Ukegawa,56 S. Vallecorsa,21

N. van Remortela,24 A. Varganov,35 E. Vatagas,47 F. Vázquezj ,19 G. Velev,18 C. Vellidis,3 V. Veszpremi,49

M. Vidal,32 R. Vidal,18 I. Vila,12 R. Vilar,12 T. Vine,31 M. Vogel,38 I. Volobouevo,29 G. Volpiq,47 F. Würthwein,10

P. Wagner,54 R.G. Wagner,2 R.L. Wagner,18 J. Wagner-Kuhr,27 W. Wagner,27 T. Wakisaka,42 R. Wallny,9

S.M. Wang,1 A. Warburton,34 D. Waters,31 M. Weinberger,54 W.C. Wester III,18 B. Whitehouse,57 D. Whitesond,46

A.B. Wicklund,2 E. Wicklund,18 G. Williams,34 H.H. Williams,46 P. Wilson,18 B.L. Winer,40 P. Wittichf ,18

S. Wolbers,18 C. Wolfe,14 T. Wright,35 X. Wu,21 S.M. Wynne,30 S. Xie,33 A. Yagil,10 K. Yamamoto,42 J. Yamaoka,53

U.K. Yangk,14 Y.C. Yang,28 W.M. Yao,29 G.P. Yeh,18 J. Yoh,18 K. Yorita,14 T. Yoshida,42 G.B. Yu,50 I. Yu,28

S.S. Yu,18 J.C. Yun,18 L. Zanellov,52 A. Zanetti,55 I. Zaw,23 X. Zhang,25 Y. Zhengb,9 and S. Zucchellit6

(CDF Collaboration‡)
1Institute of Physics, Academia Sinica, Taipei, Taiwan 11529, Republic of China

2Argonne National Laboratory, Argonne, Illinois 60439
3University of Athens, 157 71 Athens, Greece

4Institut de Fisica d’Altes Energies, Universitat Autonoma de Barcelona, E-08193, Bellaterra (Barcelona), Spain
5Baylor University, Waco, Texas 76798

6Istituto Nazionale di Fisica Nucleare Bologna, tUniversity of Bologna, I-40127 Bologna, Italy
7Brandeis University, Waltham, Massachusetts 02254

8University of California, Davis, Davis, California 95616
9University of California, Los Angeles, Los Angeles, California 90024

10University of California, San Diego, La Jolla, California 92093
11University of California, Santa Barbara, Santa Barbara, California 93106

12Instituto de Fisica de Cantabria, CSIC-University of Cantabria, 39005 Santander, Spain
13Carnegie Mellon University, Pittsburgh, PA 15213

14Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637
15Comenius University, 842 48 Bratislava, Slovakia; Institute of Experimental Physics, 040 01 Kosice, Slovakia

16Joint Institute for Nuclear Research, RU-141980 Dubna, Russia
17Duke University, Durham, North Carolina 27708

18Fermi National Accelerator Laboratory, Batavia, Illinois 60510
19University of Florida, Gainesville, Florida 32611

20Laboratori Nazionali di Frascati, Istituto Nazionale di Fisica Nucleare, I-00044 Frascati, Italy
21University of Geneva, CH-1211 Geneva 4, Switzerland

22Glasgow University, Glasgow G12 8QQ, United Kingdom
23Harvard University, Cambridge, Massachusetts 02138



3

24Division of High Energy Physics, Department of Physics,
University of Helsinki and Helsinki Institute of Physics, FIN-00014, Helsinki, Finland

25University of Illinois, Urbana, Illinois 61801
26The Johns Hopkins University, Baltimore, Maryland 21218

27Institut für Experimentelle Kernphysik, Universität Karlsruhe, 76128 Karlsruhe, Germany
28Center for High Energy Physics: Kyungpook National University,
Daegu 702-701, Korea; Seoul National University, Seoul 151-742,

Korea; Sungkyunkwan University, Suwon 440-746,
Korea; Korea Institute of Science and Technology Information, Daejeon,
305-806, Korea; Chonnam National University, Gwangju, 500-757, Korea

29Ernest Orlando Lawrence Berkeley National Laboratory, Berkeley, California 94720
30University of Liverpool, Liverpool L69 7ZE, United Kingdom

31University College London, London WC1E 6BT, United Kingdom
32Centro de Investigaciones Energeticas Medioambientales y Tecnologicas, E-28040 Madrid, Spain

33Massachusetts Institute of Technology, Cambridge, Massachusetts 02139
34Institute of Particle Physics: McGill University, Montréal,
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Supersymmetry [1] posits the existence of boson
(fermion) “superpartners” for standard model fermions
(bosons). This resolves the “hierarchy problem” [2] in
the standard model (SM) wherein an artificial cancella-
tion of large mass terms is required for the Higgs boson
mass to be at the electroweak breaking scale. The light-
est supersymmetric particle (LSP), if stable and neutral,
is an excellent dark matter candidate [3]. Since super-
partners have not been observed at the same masses as
the SM particles, supersymmetry (SUSY) cannot be an
exact symmetry. There are several models for breaking
SUSY while retaining its advantages [4]. A leading model
is mSUGRA [5], a grand unified theory (GUT) that in-
corporates gravity. It has five parameters defined at the
GUT scale (∼ 1016 GeV): a common scalar mass m0, a
common gaugino mass m1/2, the ratio of the Higgs vac-
uum expectation values tanβ, the trilinear scalar cou-
pling A0, and the sign of the higgsino mass parameter
μ. These parameters determine the superpartner mass
spectrum and coupling values at all scales.

Charginos (χ̃±’s) and neutralinos (χ̃0’s) are mass
eigenstates formed by the mixture of gauginos and higgsi-
nos, which are the fermionic superpartners of the gauge
and Higgs bosons [5]. At the Tevatron, associated pro-
duction of the lightest chargino with the next-to-lightest
neutralino pp̄ → χ̃±

1 χ̃0
2 + X may occur with a detectable

rate. Depending on the mSUGRA parameter values, the
χ̃±

1 and the χ̃0
2 can decay as follows: χ̃±

1 → �±νχ̃0
1 and

χ̃0
2 → �+�−χ̃0

1, where � = e, μ, τ and χ̃0
1 is the stable LSP.

The neutrino and the LSP’s are weakly interacting and
escape undetected. This gives three leptons with large
missing transverse energy as our experimental signature
for χ̃±

1 χ̃0
2 production. Since jets are abundant at hadron

colliders while leptons are rare, the trilepton signature
is perhaps the best avenue for observing supersymmetric
events.

Prior searches at the LEP e+e− collider exclude
chargino masses below 103.5 GeV/c2 with minimal con-
straints [6]. At the Tevatron, the CDF and DØ collabo-
rations have searched for χ̃±

1 χ̃0
2 production with 1 fb−1 of

data [7, 8], but these trilepton searches have placed no
further constraints on mSUGRA beyond those imposed
by LEP experiments. In this analysis of 2.0 fb−1 of CDF

Cyprus, hUniversity College Dublin, Dublin 4, Ireland, iUniversity
of Edinburgh, Edinburgh EH9 3JZ, United Kingdom, jUniversidad
Iberoamericana, Mexico D.F., Mexico, kUniversity of Manchester,
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Universitat de Valencia), 46071 Valencia, Spain, xRoyal Society of
Edinburgh/Scottish Executive Support Research Fellow, yIstituto
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data, we are able to probe mSUGRA beyond the LEP
limits due to higher statistics and an improved technique.

The CDF II detector [9] has cylindrical symmetry
around the proton-antiproton beam axis. Our analysis is
restricted to the central region of the detector defined by
pseudorapidity |η| < 1.1 [10]. The tracking system, used
to measure the trajectory and momentum of charged par-
ticles, consists of multilayered silicon strip detectors and
a drift chamber in a 1.4 T solenoidal magnetic field. Par-
ticle energies are measured with concentric electromag-
netic and hadronic calorimeters. Muon detectors consist-
ing of wire chambers and scintillators are placed at the
outer radial edge of the detector to allow for the absorp-
tion of most other particles in the intervening material.

An electron typically deposits almost all (∼93%) of
its energy in the electromagnetic calorimeter producing
a characteristic electromagnetic shower. We identify an
electron as a track with an energy deposit that is consis-
tent with its momentum (E/p requirement) with further
constraints on the shower shape. “Tight” electrons meet
these requirements whereas “loose” electrons satisfy a
weaker shower shape criterion and need not meet the E/p
requirement. A “tight muon” is a track which leaves a
minimum-ionizing energy deposit in the calorimeter and
reaches a muon detector. “Loose muons” are minimum-
ionizing tracks outside the coverage of the muon detec-
tors. We do not explicitly identify τ -leptons. Instead,
the electron and muon candidates can come from τ de-
cays. In addition, we allow isolated tracks [11] as indica-
tors of the hadronic decays of τ -leptons to single charged
particles. Together, the e, μ, and isolated track selection
makes this analysis sensitive to ∼85% of τ decays, subject
to the detector acceptance. The isolated track category
also serves to accept poorly reconstructed electrons and
muons, albeit at the expense of a higher background.

We require that the candidate leptons be isolated from
hadronic activity in the detector. Lepton and isolated
track candidates which are consistent with photon con-
versions or cosmic rays are rejected. The selected leptons
have a small contamination from hadrons misidentified as
leptons. These, along with leptons from semileptonic b
and c quark decays and residual photon conversions, are
labeled as “fake leptons”.

Neutrinos and the LSP’s escape the detector, leading
to significant missing transverse energy E/T in the event.
E/T is defined as the magnitude of −ΣiE

i
Tn̂i, where the

unit vector n̂i is in the azimuthal plane and points from
the beam axis to the ith calorimeter tower. We compen-
sate E/T for the presence of candidate muons and isolated
tracks and also account for the corrections to jet energies
due to effects such as non-linear calorimeter response.

Trilepton candidate events are collected with triggers
that require at least one tight electron (muon) with
ET > 18 GeV (pT > 18 GeV/c) or two tight electrons
(muons) with ET > 4 GeV (pT > 4 GeV/c). An event
must have at least two leptons (e’s or μ’s); the third
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“lepton” can be an isolated track, with the sum of the
lepton charges required to be ±1. We define five trilep-
ton channels: ltltlt, ltltll, ltllll, ltltT , and ltllT where lt,
ll, and T , refer to a tight lepton, a loose lepton, and
an isolated track, respectively. Table I shows the lepton
energy thresholds for the five exclusive channels.

Table I: The ET (pT) thresholds for electrons (muons, iso-
lated tracks) for the five channels. lt=tight lepton, ll=loose
lepton, and T=isolated track (lepton=e, μ).

Channel ET (pT) GeV (GeV/c)

ltltlt 15, 5, 5

ltltll 15, 5, 10

ltllll 20, 8, 5 (10 if μ)

ltltT 15, 5, 5

ltllT 20, 8 (10 if μ), 5

Several SM processes can mimic the trilepton signa-
ture. The leptonic decays of WZ, ZZ, and tt̄ can pro-
duce three or more leptons. Dilepton processes, such
as Drell-Yan or WW accompanied by a bremsstrahlung
photon conversion (“brem conversion”), a fake lepton, or
an isolated track, are also a source of background. For
channels with isolated tracks, W production in associa-
tion with jets gives significant background when one jet
gives a fake lepton and another gives an isolated track.

To remove backgrounds containing on-shell Z, we re-
ject events when the invariant mass of either of the oppo-
sitely charged lepton-lepton or lepton-track pairs is be-
tween 76 and 106 GeV/c2. To suppress Drell-Yan back-
ground and backgrounds from resonances such as J/Ψ
and Υ, we require invariant masses of both pairs to be
> 13 GeV/c2 and at least one mass to be > 20 GeV/c2.
The Drell-Yan background is further suppressed by re-
quiring E/T > 20 GeV and the azimuthal angle Δφ
between oppositely charged lepton-lepton (lepton-track)
pairs to be less than 2.9 (2.8) radians. To supress the
tt̄ background, we allow no more than one jet with
ET >15 GeV and |η| < 2.5 per event.

The mSUGRA parameters for our nominal signal point
are m0 = 60 GeV/c2, m1/2 = 190 GeV/c2, tan β = 3,
A0 = 0, and μ > 0. These parameter values are typical
of the mSUGRA region in which this analysis is sensitive.
Simulated signal events are generated using the sparticle
mass spectrum from isajet [12], followed by hard scat-
tering in pythia [13]. We use the madevent [14] genera-
tor for the WZ background simulation [15]. The remain-
ing background samples are generated using pythia. Fi-
nal stages of all signal and background simulation consist
of hadronization using pythia followed by CDF II detec-
tor simulation using geant3 [16]. For all generators we
use the cteq5l [17] parton distribution functions (PDF).

We estimate WZ, ZZ, Drell-Yan (+ brem conversion)
and WW (+ brem conversion) backgrounds using sim-

Table II: The number of expected events from background
sources as well as for the nominal mSUGRA point. The num-
ber of observed events in data in each channel is also shown.
lt=tight lepton, ll=loose lepton, and T=isolated track.

Channel ltltlt ltltll ltllll ltltT ltllT Σchannels

Drell-Yan 0.05 0.01 0.0 1.63 1.32

Diboson 0.29 0.20 0.08 0.61 0.38

Top-pair 0.02 0.01 0.03 0.22 0.18

Fake lepton 0.12 0.04 0.03 0.75 0.41

Total 0.49 0.25 0.14 3.22 2.28 6.4

Uncertainty ±0.09 ±0.04 ±0.03 ±0.72 ±0.63

Observed 1 0 0 4 2 7

SUSY Signal 2.3 1.6 0.7 4.4 2.4 11.4
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Fig. 1: E/T distribution for the ltltT channel after all other se-
lection criteria are applied. The observed data (points) com-
pare well to the stacked sum of standard model contributions.
The open histogram shows the sum of SM contributions and
expected signal for the nominal mSUGRA point described in
the text. We keep events with E/T >20 GeV as indicated by
the arrow. Other four channels show similar agreement.

ulation. The number of events from Drell-Yan (WW )
+ additional isolated track are determined by scaling
the number of Drell-Yan (WW ) events estimated from
simulation by the rate at which we expect an additional
isolated track in the event. This rate is measured us-
ing Z events in data. We use data alone to measure
backgrounds when a dilepton event is accompanied by a
fake lepton. We estimate this background by applying
the fake lepton probability measured in the multijet data
sample to the jets in the dilepton data events. We use
the same technique when lepton+track processes such as
W+jets result in background for channels with isolated
tracks. Table II shows the number of expected back-
ground and signal events for the nominal signal point
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described above.
Table II also lists uncertainties due to various system-

atic sources. Impact of effects such as imperfect QCD
radiation modeling are estimated from the variation in
the number of accepted signal and background events.
Measurement uncertainties such as those in lepton selec-
tion efficiencies also affect the number of estimated signal
and background events. Significant uncertainties in sig-
nal (background) estimates are 4% (2.5%) due to lepton
selection, 4% (2.5%) due to QCD radiation, 2% (1.5%)
due to the PDFs and 0.5% (5%) due to jet energy mea-
surement. There is a 6% uncertainty in the integrated
luminosity measurement and a 10% theoretical uncer-
tainty [18] in the signal cross section. In addition, the
total background estimate has a 10% uncertainty due to
the lepton misidentification rate measurement. Uncer-
tainties due to theoretical cross sections for background
vary from 2.3 to 6.0%.

We verify the accuracy of background prediction for
numerous regions defined by E/T and invariant mass of the
leading lepton pair prior to revealing candidate trilepton
events in data. For example, in the region with E/T >
15 GeV and invariant mass from 76 to 106 GeV/c2, i.e, a
15 GeV/c2 window around the Z mass, we predict 60.5±
9.1 events and observe 61 trilepton events. We also test
the E/T < 10 GeV region (inside the Z mass window
and outside) for trilepton and dilepton events and find
the observations consistent with our expectations in each
case. Figure 1 shows the E/T distribution for the ltltT
channel. The observed and predicted distributions agree
well over the entire range. The figure also shows the
candidate trilepton events in this channel.
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Fig. 2: Excluded regions in mSUGRA as a function of m0

and m1/2 for tanβ = 3, A0 = 0, μ > 0. Corresponding χ̃±
1

masses are shown on the right-hand axis.

Table II shows the number of observed events in data in
the signal region for each channel after all selections. The
observation is consistent with the expected background
in each channel and there is no evidence for physics be-

yond the standard model. Instead of adding signal and
background in individual channels, we use the “CLs”
method [19, 20] to calculate the combined limits on the
cross section times branching fraction (σ×B). Assuming
that the number of observed events equals the SM expec-
tation, we calculated the expected limits prior to reveal-
ing the trilepton candidate events in data. Comparing
the observed limits with the theoretically expected σ×B
calculated at next-to-leading order using prospino2 [21]
gives the 95% C.L. mSUGRA exclusion region.

Figure 2 shows the mSUGRA m0-m1/2 plane divided
in two regions: a heavy-slepton [m(τ̃1)>m(χ̃0

2)] region
and a light-slepton [m(τ̃1)<m(χ̃0

2)] region. In the heavy-
slepton region, the χ̃±

1 and χ̃0
2 decay via virtual W, Z,

or sleptons equally to the three lepton flavors. In the
light-slepton region the predominant decay of the χ̃±

1

and χ̃0
2 is via intermediate sleptons. The χ̃0

2 decay is
flavor-independent, but the χ̃±

1 decays mostly via τ̃ , thus
favoring a τ -lepton in the final state. For small mass
differences between χ̃0

2 and the sleptons (in Fig. 2, to
the immediate left of the dashed line), the decay of the
χ̃0

2 via a slepton (χ̃0
2 → l̃±l∓) leads to a lepton that is

too soft to be detected. This loss in acceptance results
in a gap in the exclusion between the heavy-slepton and
light-slepton regions in the m0-m1/2 plane as seen in the
figure.
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Fig. 3: Observed and expected σ × B and prediction from
theory as a function of chargino mass. We rule out chargino
masses below 145 GeV/c2 (where the theory and the experi-
mental curves intersect) for (a) m0 = 60 GeV/c2 and below
127 GeV/c2 for (b) m0 = 100 GeV/c2 .

In Fig. 3 we compare the observed and expected σ×B
limits with the theoretical predictions for two choices of
m0: m0 = 60 GeV/c2 in the light-slepton exclusion re-
gion and m0 = 100 GeV/c2 in the heavy-slepton region.
For the 60 GeV/c2 case, we rule out chargino masses
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below 145 GeV/c2. For the 100 GeV/c2 case, the limits
worsen as the slepton becomes lighter than the chargino
for chargino masses above ≈ 130 GeV/c2. Once the soft-
est lepton pT in the light-slepton region exceeds the de-
tection threshold, the limit improves again. We rule out
chargino masses below 127 GeV/c2 in this case.

A study of how these trilepton search results apply
to mSUGRA parameter space not explored here and to
other models can be found in [22].

In conclusion, we have searched for the supersymmet-
ric chargino-neutralino production using the three lep-
ton and large E/T signature with 2.0 fb−1 of data. Our
observations are consistent with the standard model ex-
pectations. We exclude specific regions in the mSUGRA
model’s parameter space beyond LEP limits and rule out
chargino masses up to 145 GeV/c2 for a suitable choice
of parameters.
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